Abstract The Hutterite Brethren are a genetic isolate characterized by high indices of relatedness and a communal agrarian lifestyle. We hypothesized that variation in their apolipoprotein (apo) E and lipoprotein lipase (LPL) genes would be associated with variation in fasting plasma lipoproteins. We measured plasma lipids, lipoproteins, and apolipoproteins and analyzed DNA for genotypes of apoE and LPL in 803 Hutterites. We observed that apoE and LPL genotypes were significantly associated with variations in plasma total cholesterol, low-density lipoprotein (LDL) cholesterol, and apoB. When the data were subdivided by sex, apoE genotype was associated with plasma apoB-related traits in men, but LPL genotype was not. In contrast, LPL genotype was associ-
reducing the nongenetic component of phenotypic variation.
The Hutterite Brethren are a North American religious and genetic isolate 3 and thus form a useful sample for the study of genetic determinants of plasma lipids because their founding gene pool is small and their indices of relatedness are high. 4 As part of a national investigation of CHD risk factor prevalence, we studied a large sample of Hutterites. On the basis of established roles for candidate proteins in lipoprotein metabolism, 5 we selected apolipoprotein (apo) E and lipoprotein lipase (LPL) as candidate genes for study of their association with lipoprotein phenotypes. ApoE variation has been consistently found to be associated with variation in plasma lipoproteins in population studies. 69 In a few studies LPL variation has also been found to be associated with variation in plasma lipoproteins. 1012 In addition, there is evidence that sex affects (1) plasma concentration of apoE, 13 (2) associations between genetic variation in apoE and plasma lipoproteins, 14 and (3) associations between variations in other apolipoprotein genes and plasma lipoproteins. 15 We were therefore also interested in determining the effect of gender on genotype-phenotype associations in the Hutterite community. The current study had three major objectives: (1) to identify associations between apoE genotype and quantitative variation in lipid and lipoprotein variables, (2) to identify associations between LPL genotype and quantitative variation in lipid and lipoprotein variables, and (3) to test whether these associations depended on sex.
Methods

Study Subjects
The Hutterite Brethren are an Anabaptist sect with approximately 30 000 members who live in western Canada and adjacent states; the province of Alberta has the highest proportion of North American Hutterites. 16 Hutterites have an agrarian lifestyle, live on communal farms called colonies, 3 and are descended from fewer than 100 founders who are considered unrelated to each other. 3 - 4 The Hutterites, who have had a high intrinsic growth rate and whose population remains closed to immigration, 4 are subdivided into three endogamous sects: Dariusleut, Lerherleut, and Schmiedeleut. 17 Because of the small number of founders, high fertility rates, and endogamy, a high degree of consanguinity relative to that of the founders has accumulated for approximately 12 generations 4 ; the average inbreeding coefficient of the current generation is 0.05. 4 Hutterite society has a static intergenerational and intragenerational lifestyle. 16 Colonies are effective surrogates for extended families: women marry between colonies, but men tend to remain within a colony. 4 Although the incidence of CHD in Hutterites is unknown, their risk factor prevalence appears comparable to that in other populations. 18 Smoking is forbidden, but alcohol is not. 19 Major meals are taken communally, and the diet contains a high content of animal fat. 19 Mechanized farming techniques have reduced the amount of aerobic work-related exercise. 18 Subjects from 21 colonies of the Alberta Dariusleut and Lerherleut sects took part in the Canadian Heart Health Survey screening for CHD risk factors. 20 Physical examination included determination of body mass index (BMI), defined as weight in kilograms divided by height squared in meters squared, and four separate determinations of blood pressure. Plasma samples from 846 Hutterites were obtained after they gave informed consent. Exclusion criteria included an inadequate blood sample for all biochemical and/or genetic determinations. The study was approved by ethical review panels of the Universities of Alberta and Toronto.
Biochemical Analyses
All biochemical determinations were made in the J. Alick Little Lipid Research Laboratory at St Michael's Hospital. Plasma concentrations of total cholesterol, triglycerides, and high-density lipoprotein (HDL) cholesterol were determined as described. 21 The value for low-density lipoprotein (LDL) cholesterol was calculated. 21 ApoAI and apoB were measured by nephelometry. 22 Average coefficients of variation, as determined in seven runs with six replicates per run for each of three pools, were 3.36% for apoAI (range, 3.04% to 3.54%) and 2.74% for apoB (range, 1.82% to 2.91%).
Genetic Analyses
Leukocyte DNA was prepared as described 23 and used for genotype analysis with the Taq polymerase chain reaction (PCR). Sufficient DNA for analysis was obtained from 803 Hutterites. Genotypes for the DNA polymorphisms that yield the apoE isoforms were determined by PCR amplification of exon 4 and restriction isotyping with Hhal as described. 24 Genotypes for a "silent" DNA polymorphism in the LPL gene were determined by PCR amplification of a 319-bp region within intron 6 and digestion with Pvu II as described. 25 
Statistical Analysis
SAS (version 6) was used for all statistical comparisons. 26 Baseline biochemical traits among individuals classified by genotype were compared by a nonparametric test for significant differences between groups (Kruskal-Wallis test, x 2 approximation, NPARlWAY routine 26 ) . ANOVA was performed with the general linear models (GLM) procedure to determine the sources of variation for biochemical traits, with F tests computed from the type III sums of squares. 26 This form of the sum of squares is applicable to unbalanced designs with missing values and reports the effect of an independent variable after adjustment for all other independent variables included in the model. Independent variables included in the ANOVA were age, log BMI, and colony of origin; the last variable was included to correct for contributions to variation that were related to other shared genetic and environmental factors. Data from men and women were analyzed separately. When a significant contribution to the variation in a biochemical trait was detected for a genotype, the GLM procedure for least-squares means was used to determine the level of significance in pairwise comparisons between genotype classes. The distribution of each variable was significantly nonnormal in this dataset. Therefore, for parametric statistical analyses, each variable was transformed and subjected to an analysis of normality. Logarithmically transformed values for total cholesterol, LDL cholesterol, and HDL cholesterol had distributions that were not significantly different from normal (data not shown). After triglyceride values were transformed as described, 26 their distribution was not significantly different from normal. Logarithmic transformation also somewhat normalized the distributions of apoAI and apoB values. Transformed variables were used for statistical analyses, but the nontransformed values are presented in the tables.
Regression analysis was performed, and partial regression coefficients were used to estimate the percent phenotypic variation that was accounted for by genotypic variation. This analysis is complex for datasets containing subjects whose ages range from 18 to 74 years. For data analysis, we used the approach from the Lipid Research Clinics Program. 27 We included age, age squared, and age cubed to adjust for age-dependent changes in lipoproteins and the natural logarithm of BMI to adjust for effects of obesity. Analysis showed that age and age squared were significant terms for analysis of the data for men, whereas age and age cubed were significant terms for analysis of the data for women. The variance attributed to these age terms has been summed for presentation. The significance of different age terms for men and women is expected, since it is well known that in crosssectional studies, the relation of age to lipoproteins is different for men and women. 20 Thus, the regression was performed separately for men and women.
Results
Allele and Genotype Frequencies in the Hutterite Sample
The allele frequencies of apoE isoforms E4, E3, and E2 were .056, .940, and .0037, respectively. No subjects had E4/4, E4/2, or E2/2 genotypes, but one male and five female subjects had an E3/2 genotype. Although allele frequencies were different from those observed in other white populations, there was no significant deviation in apoE genotype frequencies from that predicted by the Hardy-Weinberg law in this sample of Hutterites (* 2 =0.96, NS). The frequencies of LPL alleles 1 and 2 were .52 and .48, respectively. There was no deviation in LPL genotype frequencies from that predicted by the HardyWeinberg law in this sample of Hutterites (^-2 =3.61, P=.O7).
Biochemical Variables in Subjects According to Gender and ApoE Genotype (Tables 1 and 2)
Among men classed by apoE genotype, there were significant between-group differences in plasma total cholesterol, LDL cholesterol, and apoB. However, there were no significant differences in age; BMI; or plasma HDL cholesterol, apoAI, or triglycerides between apoE genotype classes in men. Among women classed by apoE genotype, there were significant between-group differences in plasma LDL cholesterol, HDL cholesterol, apoB, and apoAI. There were no significant differences in age, BMI, total cholesterol, or triglycerides between apoE genotype classes in women.
Biochemical Variables in Subjects According to Gender and LPL Genotype (Tables 3 and 4)
Among men classed by LPL genotype, there were no significant between-group differences in age; BMI; plasma total, LDL, and HDL cholesterol; apoB; apoAI; or triglycerides. Among women classed by LPL genotype, there were significant between-group differences in total and LDL cholesterol, apoB, and triglycerides. There were no significant differences in age, BMI, plasma HDL cholesterol, or apoAI between LPL genotype classes in women. (Tables 5 and 6) ANOVA that included a gene-gender interaction term as an independent variable found that the LPL genotype-gender interaction term was significant for apo B (Table 5 ). The LPL genotype-gender interaction term was also significant for triglycerides (P=.O1, data not shown). ANOVA was also used to identify the significance of phenotype-genotype associations after adjustment for the covariates of age and log BMI. For all biochemical variables tested, sex as an independent variable was significantly associated with variation, with P<.0001 in all cases (data not shown). Consequently, to test the effects of apoE or LPL genotype on plasma lipoproteins, ANOVA was performed separately for men and women. Colony of origin, apoE genotype, and LPL genotype were used as independent variables with age and log BMI as covariates for each biochemical variable analyzed. Results of this analysis are shown in Table 6 .
Determinants of Variation in Biochemical Variables
In men and women separately, plasma total cholesterol, LDL cholesterol, and apoB were each very significantly associated with age, log BMI, and colony of origin. Furthermore, in men plasma LDL cholesterol was significantly associated with apoE genotype (Z'=.OO35) while total cholesterol and apoB were less strongly associated with apoE genotype (P=.O4 and .03, respectively). In women plasma LDL cholesterol and apoB were less significantly associated with apoE genotype (P=.011 and .064, respectively) while total cholesterol was less strongly associated with apoE genotype (/>=.24). There was no significant association between LPL genotype and plasma total cholesterol, LDL cholesterol, and apoB (P=.8O, .63, and .42, respectively) in men; however, there were highly significant associations between LPL genotype and plasma total cholesterol, LDL cholesterol, and apoB (P=.028, .010, and .0001, respectively) in women.
In men plasma triglycerides were significantly associated with age and log BMI (both P<.0001) but not with colony of origin (P=32). In women plasma triglycerides were significantly associated with age, log BMI (both /><.0001), and colony of origin (/>=.0008). Furthermore, in women plasma triglycerides were significantly associated with LPL genotype (P=.O15) but not with apoE genotype (P=.19). There was no significant association between plasma triglycerides and either LPL or apoE genotype in men (P=39 and .55, respectively). In both sexes there was no significant association between either plasma HDL cholesterol or apoAI and either LPL or apoE genotype.
Comparisons of least-squares means of biochemical variables in women classified by LPL genotype showed that for total cholesterol, LDL cholesterol, apoB, and triglycerides, there were no differences between LPL genotypes 1/2 and 2/2 (all P>.10, data not'shown). In contrast, subjects with LPL genotype 1/1 had leastsquares mean plasma concentrations of total cholesterol, LDL cholesterol, apoB, and triglycerides that were significantly lower than those in subjects with LPL genotype 1/2 or 2/2 (all P<.03, data not shown).
Regression analysis that estimated the percent phenotypic variation determined by genetic variation also indicated sex-related differences. In men 1.2% of the variation in apoB was accounted for by apoE gene variation, whereas in women only 0.5% of the variation in apoB was accounted for by apoE gene variation. However, in men only 0.9% of the variation in apoB was accounted for by variation in the LPL gene, whereas in women 4.2% of the variation in apoB was accounted for by variation in the LPL gene (data not shown). The disparities between men and women were similar for variations in total cholesterol, LDL cholesterol, and triglycerides, which could be accounted for by apoE and LPL gene variation (data not shown). Table 7 presents a summary of the significant phenotype-genotype associations in this study.
Discussion
The principal findings of this study are the identification of (1) an association between LPL genetic variation and differences in plasma lipoprotein variables; (2) an association between apoE genetic variation and differences in plasma lipoprotein variables; and (3) sexual dimorphism of these associations, with no significant associations between plasma apoB-related traits and variations in the LPL gene in men but significant 
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Log indicates natural logarithm; BMI, body mass index; apo, apolipoprotein; LPL, lipoprotein lipase; LDL, low-density lipoprotein; HDL, high-density lipoprotein; and P>F, probability of a greater between-group F value using ANOVA. associations between these traits and variations in women.
Plasma total and LDL cholesterol and apoB were significantly associated with apoE genetic variation in the Hutterite communities. As much as 15% of the variation in LDL cholesterol levels in the general population has been attributed to variation in the apoE gene. 6 ApoE is a structural component of very-lowdensity lipoprotein and a ligand for receptor-mediated uptake of triglyceride-rich lipoproteins. 28 In vivo studies suggest that lipoproteins with different apoE isoforms are metabolized differently.
-
32 Different apoE isoforms are also associated with variations in LDL cholesterol levels within populations, 68 with the E4 and E2 forms each associated with hyperlipidemia.
93033 - 35 In our Hutterite study sample, it is thus conceivable that apoE protein polymorphism may have had a direct effect on plasma lipoprotein metabolism. Alternatively, since apoE, apoCII, and apoCI form a gene cluster on chromosome 19ql3. 1, 6 it is also possible that the observed associations are due to linkage disequilibrium between E4 and another allele at the closely linked apoCII or apoCI gene.
By univariate analysis (Table 2) , plasma HDL cholesterol and apoAI were significantly associated with apoE genetic variation in women but not in men. This was due primarily to higher plasma HDL cholesterol and apoAI in the five women with the E3/2 genotype. Larger studies with more subjects will be required to determine whether this association is reproducible.
A striking finding of this study is the sexual dimorphism of the association between plasma lipoprotein variables and alleles of the LPL gene, which has been documented in other studies. 1012 On careful review, all three studies 10 "
12 show consistent trends toward lower triglyceride and total cholesterol values in individuals homozygous for the absence of the Pvu II restriction site (allele 1 in our nomenclature) and higher triglyceride and total cholesterol values in those homozygous for the presence of the Pvu II restriction site (allele 2 in our nomenclature). Furthermore, the frequency of allele 1 is significantly decreased in Japanese subjects with hypertriglyceridemia compared with normolipidemic control subjects. 10 The trend toward lower plasma lipid levels in allele 1 carriers has also been observed in both Hispanic women and non-Hispanic men, although neither comparison is statistically significant. 12 None of these studies, however, was performed in highly related subjects.
No plasma variable was significantly associated with LPL genotype in Hutterite men, whereas plasma total cholesterol, LDL cholesterol, apoB, and triglycerides were all significantly associated with variation in the LPL gene in Hutterite women. These associations are due to lower plasma total and LDL cholesterol, apoB, and triglyceride values in LPL 1/1 homozygotes, a finding that is compatible with an effect of the recessive allele on lipoprotein phenotypes and that is supported by earlier findings. In addition, separating the data by sex revealed important phenotype-genotype associations. At least two interpretations of the strong, significant association between LPL genetic variation and phenotypic variation are possible. First, LPL allele 1 may be in linkage disequilibrium with a functional mutation in LPL whose expression in a homozygote affects lipolysis of plasma lipoproteins, thereby altering their level in plasma. Second, LPL allele 1 may be in linkage disequilibrium with a mutation at another gene on chromosome 8, such as cholesterol 7a-hydroxylase, 36 and may thus serve as a marker for the actual causative mutation at the second gene. A similar association might be difficult to detect in the general population, in which many different functional mutations and markers may exist at this locus.
Men and women differ in terms of mean age-matched plasma lipoprotein concentrations 37 and body fat distribution. 38 In both of these aspects of metabolism, LPL plays a pivotal role by hydrolyzing triglyceride-rich lipoproteins and releasing the fatty acid for uptake in adipose tissue. 39 ' 40 Few human studies have explored the relationship between endogenous sex steroid levels in plasma and LPL activity. Endogenous testosterone appears to reduce LPL activity, 41 and fasting adipose tissue LPL activity and postheparin plasma LPL activity show a strong negative correlation with plasma estradiol levels in obese women, 42 suggesting that estradiol is a major regulator of LPL. In premenopausal women, femoral adipose tissue has higher LPL activity than abdominal adipose tissue, 43 although only femoral adipose tissue responds to hormonal changes during pregnancy and lactation. 44 After menopause, adipose tissues in all sites have similar LPL levels. 45 Since LPL activity can be hormonally modulated in a tissue-specific manner, it is possible that structural differences in LPL could result in differences in sex steroid-related, tissuespecific LPL expression in women.
Gene-environment and gene-gene interactions are probably very important in the understanding of lipoprotein metabolism. For example, gene-gender relations have been observed for plasma lipoproteins and markers of the apoB, apoAI-CIII-AIV, and cholesteryl ester transfer protein genes. 15 Examples of gene-environment interactions include variability in lipoprotein phenotypes among heterozygous carriers of a mutant LPL gene 46 and among heterozygous carriers of a mutant hepatic lipase gene, 47 although some heterogeneity is likely related to age and sex. 46 ' 47 In summary, we have observed that genetic variation in LPL is associated with variation in plasma lipoprotein traits in women only but that genetic variation in apoE is associated with variation in plasma lipoprotein traits in both sexes in this Hutterite sample. In women, significance levels of the association between plasma lipoproteins and LPL variation exceed those of the association between plasma lipoproteins and apoE variation. Therefore, analysis of highly related groups can help apportion the relative contribution of various genetic factors to phenotype. Recessive gene effects on phenotype, such as the generally lower plasma lipoprotein concentrations in LPL 1/1 homozygotes, are likely to be more readily identified in such subpopulations. Newer, rapid screening techniques for regions of genomic DNA that are identical by descent 48 and performance of combined segregation and linkage analysis in highly related populations 49 could help further identify genes in polygenic diseases and identify high-risk individuals who are candidates for interventions.
